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Abstract 
Vehicle delay and queue length models are important indexes to optimize signal timing plan for a signalized roundabout. 
However, at present much attention is paid on unsignalized roundabouts. In this paper, we firstly analyzed the impacts of phasing
schemes on vehicle movements and brought forward two typical phasing schemes. The loop detector layout plan was established 
to detect vehicle volumes of different streams in real time. Then under each phasing scheme, the models for average vehicle 
delay and queue length were developed respectively. Finally, case study was conducted to evaluate the models using field data 
collected from a real signalized roundabout. The results show that: all precision errors are smaller than 15% and average 
precision errors are smaller than 10%. The developed two types of models can satisfy the requirements of engineering. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Department of Transportation Engineering, Beijing Institute of Technology. 
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1. Introduction 
In China, there are many large-sized signalized roundabouts in the central business district (CBD) of the cities. 
For example, the Museum roundabout in Harbin city, the Renmin roundabout in Changchun city and the Fountain 
roundabout in Guiyang city. Unlike western countries where roundabouts are located at minor-minor streams [5,6], 
the roundabouts are usually located at major-major streams in China. At present, traffic congestion at these 
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roundabouts has become of utmost concern by transport authorities as well as road users. However, some symbolic 
landmarks in cities were built in central islands of roundabouts. The central island should be kept and the 
roundabout is not suggested to be converted into a traditional signalized intersection. In such condition, to alleviate 
the traffic congestion, signal lights could be added to the approaching arms of large-sized roundabouts, which can 
organize the traffic flows that enter the roundabouts by switching the lights.  
The optimal signal timing plan is vital to improve the operational performances of the signalized roundabout. 
Generally, the optimal signal timing plan is attained based on an optimization model, which takes average vehicle 
delay or queue length minimization as the objective. The calculating models for vehicle delay and queue length are 
the key components of the signal control algorithm. The quality of the models directly decides the operational 
performances of the roundabout. 
Because of the importance of the calculating models for vehicle delay and queue length, many researchers have 
conducted studies on this topic and many results have been achieved. [5] built a model to estimate the entry capacity 
of a roundabout based on the conflict relationships of streams. Then they developed an entrance delay model using 
queuing theory [2]. made a before-and-after study to compare the entry delay for five intersections converted from 
stop control to roundabouts, and they found that roundabouts caused significant reductions in the entry delays. In a 
similar study, [3] investigated the effect of converting intersection control from a two-way stop to a roundabout at a 
main junction in the United States. The results indicated that the construction of the roundabout reduced the average 
minor streets delay by about 83% in the morning peak and by 76% in the afternoon peak. [1] developed a model for 
estimating roundabout delay as a function of the influencing traffic and geometric factors. Fourteen roundabouts 
were selected from different cities in Jordan. Circulating volume, entry volume, and entry delay were measured 
during peak and off-peak periods using video cameras. Data on geometric design elements including circulating 
width, entry width, and roundabout diameter were measured through field survey. An empirical approach was used 
to develop a delay model as a function of the influencing factors based on a time interval of 15 min. [7] proposed a 
new signal control method for modern roundabouts by eliminating the conflict points and weaving sections. A 
second stop line was set exclusively for the left-turning traffic on the circulatory roadway. Traffic signals were 
installed before each stop line to eliminate the conflicts between the traffic flows on the approaches and the left-
turning traffic flows on the circulatory roadway. Left-turning vehicles on the circulatory roadway would stop before 
red signals to avoid weaving. Equations were derived to compute the signal cycle length and the green time for each 
traffic flow, considering the limited queue on the circulatory roadway. Capacity and delay were also formulated to 
evaluate the roundabout’s performance.  
As described above, many study results on vehicle delay and queue length have been attained. However, there are 
still some limitations. 
(i) Most models are only suitable to unsignalized roundabouts. 
In western countries, the roundabouts are located at minor-minor streams and there is no need to install signal 
lights. Thus, many models developed by researchers in western countries are based on unsignalized roundabouts. 
However, these models are not suitable to signalized roundabouts in China, because there are significant differences 
in vehicle movements between signalized and unsignalized conditions.  
 (ii) There is no effective way to detect vehicle volumes based on detectors. 
The vehicle volumes of different streams are important input parameters for the models in adaptive signal control 
environment. To obtain the volumes of left-turning, through and right-turning vehicles in real time, traffic detectors 
must be placed at the signalized roundabouts. However, at present there is lack of an effective detector layout 
scheme for the calculating models and adaptive signal control.  
The contribution of this paper is twofold. Firstly, a scheme for the loop detector layout is brought forward, which 
is meaningful to detect vehicle volumes in different streams and provide traffic data for the vehicle delay and queue 
length estimation models. Secondly, the impacts of left-turning vehicles on the vehicles at opposite entrance are 
analyzed and delay and queue models are developed to describe the process.  
The remainder of this article is structured as follows. First, the scheme for the loop detector layouts is developed. 
Second, we present the methodology, the phasing scheme, the queue length and vehicle delay models. Third, a case 
study is conducted to evaluate the performances of the models using field data. The last section concludes with some 
summarizing comments and practical recommendations. 
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2. Loop Detectors Layouts 
Loop detector is widely used in adaptive traffic control system at present. In this paper, we also use loop 
detectors to detect traffic volumes in real time. Different phasing schemes would pay different impacts on vehicle 
movements at signalized roundabouts. Thus, we firstly analyze the typical phasing schemes and then develop 
different loop detector layout schemes. 
2.1. Typical phasing schemes 
We take the signalized roundabout shown in Fig. 1 to explain the reasons for designing different phasing schemes. 
Generally, there are two typical phasing schemes and they are shown in Fig. 2.  
For phasing scheme I, there are four signal phases. The signal lights at the four entrances display green in turn. 
For phasing scheme II, there are two signal phases. Each phase controls two traffic streams. For example, phase one 
controls the traffic flows from southbound and northbound approaches, and phase two organizes the traffic flows 
from eastbound and westbound approaches. 
Fig. 1. A signalized roundabout with four arms 
Fig. 2. Two typical phasing schemes for the signalized roundabout with four arms 
Phasing scheme I is suitable to the roundabouts with heavy traffic loads at all approaches. Phasing scheme II is 
suitable to the roundabouts with light left-turning traffic volumes at all approaches. Otherwise, there would be many 
weaving activities and conflicts in the circulating lanes when the traffic lights of one phase are displaying green.  
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2.2. The place of loop detectors 
The layout scheme of loop detectors is shown in Fig. 3. From the figure we can find that there are totally sixteen 
loop detectors. At the entrance of each approach, a loop detector is placed behind the stop line. Besides, four loop 
detectors are evenly placed on each circulating lane of the roundabout. 
Fig. 3. Layouts of loop detectors at the signalized roundabout 
Let DiN ( 1, 2 ,16i  " ) denote the number of vehicles that passed detector Di  in one cycle. Taking phase 1 in 
phase scheme II as an example, when the signal lights of phase 1 displaying green, vehicles from south and north 
approaches will enter the roundabout. The left-turning vehicles from south approach will pass detectors D13 and 
D14. Through and left-turning vehicles will pass D11 and D12. Thus, the number of through vehicles that enter the 
roundabout from south approach ( estQ ) equals: 
11 12 13 14estQ D D D D    (1)
The number of left-turning vehicles that enter the roundabout from south approach ( eslQ ) equals: 
13 14eslQ D D  (2)
The number of right-turning vehicles that enter the roundabout from south approach ( esrQ ) equals: 
1 2e e esr sl stQ D D Q Q    (3)
According to the above data, we can calculate the traffic volumes that enter the roundabout. For example, the 
number of right-turning vehicle volumes at south approach ( esrq ) equals: 
3600 /e esr srq q C    (4)
where C is the cycle length of the signal timing plan. 
Based on the above process, we can obtain all vehicle volumes of different streams. 
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3. Models Development 
3.1. Delay model under phasing scheme I 
Let ia  denote the arrival volume of vehicles at approaching lane i, g1 and I1 denote the green time and intergreen 
time of phase 1 respectively. The cycle length equals the sum of all green times and intergreen times. 
When phase 1 is displaying green, vehicles on approaching lanes 1 and 2 can enter the roundabout. There is no 
vehicle from other approaches on the circulating lanes. Thus, vehicles from south approach can enter the roundabout 
without a stop. In such condition, the vehicle movements during green time in signalized roundabout are similar to 
that in normal signalized intersections. Let 1d  denote the average vehicle delay of approaching lane 1.  
2 2
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where 1O  is the green split of phase 1. x11 is the saturation degree of lane 1 of phase 1. y1 is the traffic flow rate of 
lane 1. 
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where S1 is the saturation flow rate of lane 1. Cap1 is the vehicle capacity of lane 1. 
3.2. Queue length model under phasing scheme I 
From section 3.1 we can find that current classical delay model is suitable to the signalized roundabouts with 
phasing scheme I. We also employ classical queue model to calculate the queue length of an approaching lane at 
signalized roundabouts. 
1 1 2 1 2
11
( )
2(1 )
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E a C - g - I - I
x
 u 

(7)
where 1E  is the average queue length of approaching lane 1. 1 1 11 11(1 ) /K S a x x   .
3.3. Delay model under phasing scheme II 
Under phasing scheme II, one signal phase controls the traffic streams from two entrances. For example, when 
phase 1 is displaying green, the vehicles from south and north approach can enter the roundabout. After having 
entered the roundabout, left-turning vehicles usually travel on the inner circulating lane. According to traffic 
regulation rules, when the left-turning vehicles travel to the point near the south entrance (point B in Fig. 4), the 
vehicles on south approach would give way to them. In such condition, the vehicles on south approach cannot utilize 
the green time of phase 1. Namely, there is green time lost on the south approach. Similarly, when left-turning 
vehicles from south approach arriving at point A (see Fig. 4), the vehicles on north approach would also give way.
From the above analysis we can find that there are significant differences in vehicle movements between the 
roundabouts with phasing scheme I and II respectively. Thus, the classical delay and queue models are suitable to 
the roundabouts with phasing scheme II. We need to develop new models. The key issue for the new models is to 
calculate how much green time of phase 1 is not utilized by vehicles behind the stop line on each approach, or 
calculate how much green time is lost. 
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Fig. 4. Give way points at the signalized roundabout under phasing scheme II 
The lost green time is affected by two contributing factors. One is the left-turning vehicle volume. Obviously, the 
larger of left-turning vehicle volume is, the more green time would be lost. The other is the arrival pattern at the 
position near south entrance, because different arrival pattern would result in different time gaps and numbers of 
vehicles that enter the roundabout. 
  Thus, to calculate the average vehicle delay and queue length under phasing scheme II, the number of vehicles 
that enter the roundabout from an approach should be calculated firstly. Let g1 and g2 denote the green times of 
phase 1 and phase 2 respectively. We take phase 1 as an example, slq , stq , srq  denote the numbers of vehicles that 
enter the roundabout from south approach in each cycle. nlq , ntq , nrq  denote the numbers of vehicles that enter the 
roundabout from north approach in each cycle. slZ , stZ , srZ  denote the numbers of arrival vehicles at south 
approach in each cycle. nlZ , ntZ , nrZ  denote the numbers of arrival vehicles at north approach in each cycle. The 
calculation methods for these parameters are shown in Equation 8. 
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During phase 1 displays green, the numbers of vehicles that enter the roundabout should satisfy Equation 9, 
where Pnl is the lost green time at south approach resulted by the left-turning vehicles from north approach. Psl is the 
lost green time at north approach resulted by the left-turning vehicles from south approach.  
Pnl and Psl are affected by the arrival patterns of left-turning vehicles from south and north approaches at point A 
and point B. We assume there are 5 left-turning vehicles from north approach enter the roundabout during the green 
time of phase 1. The arrival times at the point B of the 5 vehicles are random, which would results in many types of 
time gaps for vehicles waiting on south approach and lead to different entry capacity.  
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Based on enumeration method, we can obtain the slq , stq , srq , nlq , ntq  and nrq  that satisfy Equation 9. Note that 
there may be more than one combination schemes. We use the average values ( slq , stq , srq , nlq , ntq  and nrq ) of 
these parameters to calculate average vehicle delay and queue length. For south approach, the lost green time ( 1sg c )
that resulted by left-turning vehicles from north approach equals: 
1s nlg Pc  (10)
Similarly,  
1n slg Pc  (11)
In such condition, the average vehicle delay on south approach ( 1sd ) equals: 
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where 1 1 1( ) /s sg g CO c  .
The average vehicle delay on south approach ( 1nd ) equals: 
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where 1 1 1( ) /n ng g CO c  .
3.4. Queue length model under phasing scheme II 
In section 3.3 we analyzed the impacts of left-turning vehicles on the movements of opposite approach. If the 
actual green time that can be utilized by vehicles at the entrance is obtained, the average vehicle delay and queue 
length can be calculated directly. Thus, the models for south and north approaches are displayed below. 
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4. Case Study and Evaluations 
4.1. Field data collection 
In this section, the Fountain roundabout in Guiyang is chosen as an example to test the developed models. 
Guiyang is the capital city of Guizhou Province, China. The Fountain roundabout is the most famous landmark in 
Guiyang. It is located at the intersection of Zhonghua Rd. and Yan’an Rd, which are the two most important major 
roads in Guiyang city. Each road has three approaching lanes and three exit lanes. There are also three lanes in the 
circulating roadways at the roundabout. The width of each lane is about 3.3m. The present layout of this roundabout 
is shown in Fig. 5. The roundabout executes fixed-time traffic control plan. 
This roundabout employs the phasing scheme II shown in Fig. 2. Thus, in this section we mainly test the 
effectiveness of models developed in section 3.3 and section 3.4. The south approach is selected as the study object.  
Traffic investigation was conducted On December 28th, 2010 in the time period from 11:00 am to 12:00pm. To 
collect the real delay of each vehicle on south approach, three investigators were assigned at the point that 150m 
upstream from the stop line. They recorded plate numbers of vehicles that passed them and the passing time of each 
vehicle. Another three investigators were assigned at the point near the stop line of south approach, to collect the 
plate numbers of vehicles and passing times. By comparing passing times at the two segments of each vehicle, its 
actual travel time between the two segments is obtained. Average vehicle velocity on road segment was 10.5m/s. 
The free travel time between the two segments equals the distance divided by average vehicle velocity. Thus, the 
delay of each vehicle can be obtained by subtracting free travel time from actual travel time. 
4.2. Models evaluations 
The actual average vehicle delay and queue length are calculated every 5 minutes. Hence, there are 12 average 
vehicle delays and queue lengths for the investigation period. In addition, we use the models developed in sections 
3.3 and 3.4 to predict the average vehicle delays and queue lengths. These values are shown in Table 1. AAVD 
denotes actual average vehicle delay and PAVD denotes predicted average vehicle delay. AQL is the actual queue 
length and PQL is the predicted queue length. 
In Table 1, the vehicle delays in different intervals are not same. This is because the arrival traffic volume varies 
with the time and in different intervals the arrival volumes are also different. To directly evaluate the models based 
on the data in Table 1, the prediction errors are calculated based on Equation 16. 
Fig. 5. The layouts of the Fountain roundabout in Guiyang city 
Yanÿan Rd.
Zhonghua Rd.
North
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Actual value-predicted value
Prediction error =
Actual value
 (16)
Table 1. Actual and predicted vehicle delays and queue lengths 
Time interval AAVD/s PAVD/s AQL/m PQL/m 
1 40.6 44.5 50.2 44.5 
2 47.8 41.5 63.4 58.3 
3 43.4 46.8 54.5 57.6 
4 46.7 50.9 58.4 52.9 
5 49.6 55.6 65.3 60.4 
6 41.2 38.6 52.3 45.4 
7 37.8 39.5 50.8 55.6 
8 43.5 40.2 61.4 53.2 
9 45.5 52.1 68.9 63.8 
10 42.4 40.6 54.3 50.6 
11 44.6 41.2 58.2 52.4 
12 46.6 52.5 62.4 60.3 
The prediction errors for the average vehicle delay model and queue length model are shown in Fig. 6. The 
maximum and minimum prediction errors of average vehicle delay are 14.51% and 4.25% respectively. The average 
prediction error is 9.09%. The maximum and minimum prediction errors of average queue length are 13.36% and 
3.37% respectively. The average prediction error is 8.80%. 
From the data shown in Table 1 and Fig. 6 we can analyze the models from the following aspects. 
(i) The prediction precisions of the two models are relative high. 
The maximum prediction errors are all smaller than 15%, the average prediction errors are smaller than 10%. 
Overall, the two models can simulate the actual average vehicle delay and queue length in relative high precision.  
(ii) In most cases, the predicted values are smaller than the actual values. 
The main reason for this phenomenon is because the drivers don’t obey traffic regulation rules. In practice, when 
there are vehicles on the circulating lanes, the vehicles behind the stop line should give way. However, the drivers of 
vehicles behind the stop line don’t give way and enter the roundabout when there are small time gaps. It is difficult 
to describe this phenomenon in the models.  
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Fig. 6. Prediction errors of vehicle delay and queue length models 
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5. Conclusions 
Traffic signal control is an effective way to improve operational performances of the signalized roundabout. The 
signal timing plan is affected by the quality of the delay and queue length models. In this paper, the impacts of 
typical phasing schemes on the vehicle movements are analyzed. Then the average vehicle delay model and queue 
length model are developed respectively under different phasing schemes. Case study is conducted to evaluate the 
two types of models and results show that the prediction precisions of these models are relative high.  
The following conclusions can be obtained from this study. 
(i) Different phasing schemes have different impacts on the operational performances of a signalized roundabout. 
The two typical phasing schemes developed in this study are suitable to different conditions. 
(ii) Under phasing scheme II, the vehicle movements at signalized roundabouts are significantly different from 
that at normal signalized intersections. When left-turning vehicles move to the position near the entrance of opposite 
approach, the vehicles on opposite approach would give way and leads to the lost of green time.  
(iii) In most cases, the drivers don’t obey the traffic regulation rules. It is difficult to describe the behaviors of 
drivers in the models. Thus, the prediction errors are inevitable. Overall, the precisions of the developed models can 
satisfy the requirements of engineering. 
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